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OsCRTISOThe Japonica rice cultivar ‘Nipponbare’wasmutagenized by ethylmethane sulfonate (EMS) to obtain a stable and
heritable “zebra leaf” mutant zb2. Under natural conditions, yellow and green striped leaves appeared at the
seedling stage of this mutant and the leaves gradually turned pale green towards the end of the tillering stage.
Both temperature and illumination affected the traits of zb2mutants. Compared with the wild type, concentra-
tions of chlorophyll and carotenoid were signiﬁcantly lower in zb2mutants. Electron microscopic examination
of the leaves revealed aberrant chloroplast structure in zb2mutants. The zb2mutant phenotype was found to
be caused by recessive mutations in a single nuclear gene. By using map-based cloning, the target gene was
mapped to a 111.9 kb region on chromosome 11. Sequencing analysis revealed a G to T mutation in exon 9 of
the ZB2 gene in the mutant. This mutation transformed the 413th Glu residue in the mRNA to a stop codon,
resulting in early termination of translation. The ZB2 gene encodes carotenoid isomerase, a key enzyme in carot-
enoid synthesis, was designated a new allele of OsCRTISO. These results indicated that zb2 is a new allele of
Oscrtiso/phs3. Real-time ﬂuorescence quantitative PCR revealed that expression of ZB2 was highest in the
leaves compared to the other organs of wild type plants. Furthermore, ZB2 expression was found to be sig-
niﬁcantly lower in the mutants compared to the wild type. Our ﬁndings further elucidate the function of
the OsCRTISO gene and contribute to growing understanding of the metabolic pathway of carotenoids in
rice.
© 2014 SAAB. Published by Elsevier B.V. All rights reserved.1. Introduction
In addition to being an economically important grain crop, rice is
also a model crop used in the study of functional genes in plants.
Changes in the concentrations of chlorophyll and carotenoid, two
pigments important for photosynthesis, cause change in leaf color of
rice, so pigment-deﬁcient mutants are also referred to as leaf color
mutants. Recent studies have shown that genes related to leaf color
mutation can have direct or indirect effect on themetabolism of various
pigments, andmutations in such genes can lead to change in photosyn-
thetic efﬁciency, crop yield reduction and even death of plants (He et al.,
2012; Sheng et al., 2013). The light-use efﬁciency (LUE) of rice leaves
directly inﬂuences rice yield, so some leaf color mutants with high
LUE have been utilized in crop breeding schemes as they serve ash Institute, 359 Tiyuchan Road,
37; fax: +86 571 63370389.
ghts reserved.excellent germplasm resources (Oh et al., 1997). A thorough study of
leaf color mutants in rice can help us better understand the synthesis
and degradation pathways of various pigments in rice, and further
elucidate the mechanism of photosynthesis. This will in turn allow us
to target pathways involved in the regulation of pigment metabolism
and photosynthetic efﬁciency by molecular approaches to inﬂuence
crop yield.
Many different leaf color mutants have been found in advanced
plants. These mutant phenotypes usually appear at the seedling stage,
and the leaf colors can be classiﬁed as four main types (albino, pale
green, striped-leaf and spotted leaf) based on their phenotypic
differences. The striped leaf class is further divided into vertical and
transverse stripes. A transverse-striped leaf is usually called a “zebra
leaf” due to the appearance of yellow-green or white-green stripes on
the leaves. According to the Gramene database, 15 “zebra leaf”mutants
of rice are found in different parts of the world. Chromosome mapping
of most of these mutants has been completed, but only a few of the
identiﬁedmutated genes have been cloned.Wang et al. (2009) reported
that a rice “zebra leaf”mutant named zebra-15 developed yellow/green
stripes under conditions of alternate high/low temperature, and the
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zebra-necrosismutant of rice (Li et al., 2010) encodes a thylakoid-bound
protein with unknown functions and has a photoprotective capacity in
the chloroplasts at early stages of development. The zebra-necrosis
mutant plants produce transverse striped leaveswith the green and yel-
low sectors, and the necrotic lesions often occur in the yellow sectors
during leaf elongation.
Themechanismbywhich a “zebra leaf” pattern is formed has always
been an active area of research in the ﬁeld. One idea is that it is caused
by impaired chlorophyll biosynthesis as a result of mutation caused by
nuclear or cytoplasmic encoded gene (Aluru et al., 2006). Sunlight is a
critical source of energy for photosynthesis in plants, but it may also
damage some components of the photosynthetic system (e.g., by
photooxidation) (Zhao et al., 2013). Carotenoids, which serve as
accessory pigment for light absorption in the photosynthetic system,
are important elements in protecting plant cells from photooxidation.
They scavenge free radicals such as triple states and singlet states of
chlorophyll as well as superoxide anions generated during photosyn-
thesis, thus protecting photosynthetic organs from potential damage
by reactive oxygen species (ROS) (Bartley and Scolnik, 1995; Niyogi,
1999). In addition, some epoxy-carotenoids are precursors for the
synthesis of phytohormone abscisic acid (Olson and Krinsky, 1995),
ﬂavor and aromatic compounds and defense chemicals (Zhang and
Liu, 2007). Carotenoid isomerase (CRTISO) is a key enzyme in the
synthesis pathway of carotenoids that transforms cis-lycopene to
all-trans-lycopene. CRTISO deﬁciency has been found in tomatoes to in-
hibit the synthesis of xanthophyll, cause damage to the photoprotective
system and turn leaves to yellow (Isaacson et al., 2002). The OsCRTISO
gene, which encodes a CRTISO, was cloned using the rice mutant phs3
by Fang et al. (2008). Mutation of phs3 causes impairment in the
synthesis and function of carotenoids. Levels of xanthophyll, the richest
carotenoid in the photosynthetic organ, decrease signiﬁcantly in the
leaves of phs3 mutant plants, which in turn cause impairment of the
plant photoprotective system. Accumulation of large quantities of ROS
in the presence of light then causes change in the color of leaves.
Under alternating light/dark cycle and high/low temperature, before
the leaves of zebra-necrosis grew from the leaf sheaths, synthesis of
chloroplasts had been impaired unequally as a result of excessive
accumulation of ROS in the yellow area (Li et al., 2010). Thus, the
phenotype of “zebra leaf” is generally inﬂuenced by temperature and
illumination.
In this study, the Japonica rice cultivar ‘Nipponbare’ (NIP) was
mutagenized by ethyl methane sulfonate (EMS) in order to obtain
stable and heritable “zebra leaf”mutant zb2. After exposure to different
temperature and illumination conditions, the phenotypes of themutant
were characterized. The target gene was found to be located in the
region of 111.9 kb on chromosome 11 by using map-based cloning.
Sequencing result indicated that the target gene, which encodes the
carotenoid isomerase of rice, is a new allele of OsCRTISO (ZB2) and has
high homologywith the genes of carotenoid isomerases in Brachypodium
distachyon, Sorghum bicolor, Zea mays and Solanum lycopersicum. Expres-
sion analysis showed that expression of ZB2was the highest in the leaves
and relatively low in the stems and roots of the wild type plants. In
addition, expression of ZB2was signiﬁcantly lower in zb2 compared to
wild type plants.
2. Materials and methods
2.1. Experimental materials
The Japonica rice cultivar NIP was mutagenized by ethyl methane
sulfonate (EMS) to obtain a zebra leaf mutant (zb2). The samples used
in genetic analysis and mapping were selected from F2 segregating
population, whose female parent was the mutant zb2 and male parent
was NJ6. All the plant samples were cultured in Lingshui, Hainan
Province, and Fuyang, Zhejiang Province.2.2. Investigation of important agronomic traits and measurement of
chlorophyll concentration
Leaf samples (0.15 g) were collected at the 3-leaf stage (including
the yellow and green areas of “zebra leaf”) and mature stage of zb2
and wild type plants, respectively. The samples were cut into segments
of about 1 cm each, soaked in 10 ml of 80% acetone, and cultured in the
dark for 48h (26 °C). Optical density (OD)of sample solutionswasmea-
sured to determine concentrations of chlorophyll a, chlorophyll b and
carotenoid under 662 nm (maximum absorption peak of chlorophyll
a), 646 nm (maximum absorption peak of chlorophyll b) and 470 nm
(maximum absorption peak of carotenoid) light, respectively, using an
ultraviolet spectrophotometer (DU800, BECKMAN). Three biological
replicates per sample were analyzed, and 80% acetone was used as
blank. The concentrations of chlorophyll a, chlorophyll b and carotenoid
were calculated according to the methods described by Arnon (1949)
and Wellburn (1994). Important agronomic traits such as plant height,
effective tiller number and thousand-grain weight of the mutant and
the wild type were measured using 10 replicates at the mature stage.
2.3. Observation of photo-thermosensitivity in the seedlings of mutants
Plump seeds of zb2 and NIP were soaked and pre-germinated.
Germinant seeds of zb2 and NIP were cultured in containers ﬁlled
with nutrient soil. Temperatures in the plant incubators (Panasonic,
MLR-352H-PC) were set at 24 °C, 28 °C, 30 °C and 32 °C, respectively.
The illumination duration was 14 h and the light intensity was
16,000 Lx. Phenotypes of mutant plants were observed and recorded
to identify their thermosensitivity.
The germinant seeds of zb2 and NIP were divided into two groups
each and cultured separately in the illumination incubators with light
intensities of 4000 Lx and 20,000 Lx. Day and night temperatures
were set at 28 °C and 24 °C, respectively, and the illumination duration
was 14 h. The phenotypes of the leaves were observed and recorded to
determine the photosensitivity of the mutant.
2.4. Sample preparation and observation of chloroplast ultrastructure
Leaves with yellow and green areaswere taken from themutant zb2
at the 3-leaf stage, and the leaves from the same parts of NIP were also
taken at 24 °C. The leaf samples were placed in 2.5% glutaraldehyde
(pH = 7.2) and vacuumized in a vacuum pumping machine for
30min until the leaves sank. Sample preparation for electronmicrosco-
py was based on the method of Kodiveri et al. (2005). The processed
samples were observed under a Hitachi H-7650 transmission electron
microscope.
2.5. Map-based cloning of ZB2 gene from the mutant
According to the published SSR markers and the markers designed
by our laboratory (STS and INDELs), 357 pairs of markers which are
uniformly distributed on 12 chromosomes were selected. Polymorphic
analysis between NIP and Nanjing No.6 (NJ6) was conducted, and
then the identiﬁed polymorphic markers were applied in the initial
location of the mutated genes. Primers were synthesized by Invitrogen
(Shanghai). Each 15 μL of the reaction mixture consisted of: 20 mmol/
L Tris–HCl, 10 mmol/L (NH4)2SO4, 10 mmol/L KCl, 2 mmol/L MgCl2,
1% Triton X-100, pH 8.8, 0.6 U Taq enzyme, 0.17 mmol/L dNTPs,
0.33 μmol/L primers and 100 ng DNA template. Ampliﬁcation was
performed on an Applied Biosystems 9700 PCR system. The reaction
condition was as follows: predenaturation at 94 °C 4 min; 94 °C 30 s,
annealing (temperatures changed with primers) 30 s, 72 °C 1 min,
30 cycles; ﬁnal extension at 72 °C 10 min. The ampliﬁed products
were separated by agarose gel (4%) electrophoresis, stainedby ethidium
bromide (EB) and observed at UV radiation.
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from NCBI (http://www.ncbi.nlm.nih.gov/) and Gramene (http://
www.gramene.org/genome browser/index.html), sequence differences
between NIP and 9311were analyzed by BLAST. These differences were
then used to design primers. Polymorphic markers were screened and
the genes related to the mutation were localized. The primers, PCR
reaction system and product analysis were the same as above. The
mutant zb2 (female parent) was hybridized with NJ6 to construct the
segregating population. The mutated individuals were selected from
F2 generation and their DNA was extracted to identify the location of
the mutated gene.
2.6. Expression of ZB2 gene analyzed by real-time PCR
Samples (200 mg) were taken from the fresh leaves of zb2 and NIP
on the 5th day of heading. Total RNA of root, stem, leaf, sheath and
panicle were extracted using TRIzol, and were reverse transcribed into
cDNA using the cDNA synthesis kit (Toyobo). Expressions of ZB2 in
different parts of the wild type and the zb2 leaves were analyzed by
real-time PCR. The reaction system consisted of: cDNA template 1 μL,
2 × SYBRP remix Ex Taq 5 μL, upstream and downstream primers
(10 μM) 0.3 μL each, and sterile ddH2O 3.6 μL. The reaction conditions
were as follows: 95 °C 5 min predenaturation; 95 °C 10 s, 60 °C 30 s,
72 °C 15 s, 40 cycles. Real-Time PCR System with three replicates for
each sample. Actin1 served as the internal reference gene
(Os03g0718100) and was ampliﬁed using the forward primer
RRAC2F: GCTATGTACGTCGCCATCCA, and the reverse primer RRAC2R:
GGACAGTGTGGCTGACACCAT.
2.7. Phylogenetic analysis
To analyze homology between ZB2 and other species, protein
sequences encoded by the ZB2 gene were aligned in NCBI Protein
Blast. Then the alignment result was analyzed by ClustalX2 and shown
using the drawing tools in Genedoc. The phylogenetic tree was
constructed using MEGA 4.0.2 according to the neighbor-joining
method (Zhu et al., 2011; Tamura et al., 2007).WT                                zb2                              
A
Fig. 1. Phenotypes of wild type and zb2mutant. A—3. Results and analysis
3.1. Phenotypes and genetic analysis of the mutant
Under natural condition, obvious yellow-green zebra stripes were
observed at the 3-leaf stage of the mutant zb2. Towards the end of the
tillering stage, the zebra leaf phenotype disappeared gradually and the
plant turned pale green (Fig. 1). Compared with NIP, the mutant had
smaller plant height and larger effective tiller number and less
thousand-grain weight (Table 1). In order to conduct genetic analysis,
the genetic populations were generated from a cross between the zb2
and the indica variety NJ6. These observations indicated that the pheno-
types of F1 were all normal leaf color. A total of 672 F2 hybrids between
zb2 and NJ6 were investigated randomly, and the result showed that
517 displayed the wild-type phenotype while 155 showed the mutant
phenotype. Results of the χ2 test showed that the segregation ratio
accorded with 3:1 (χ2 = 1.34 b χ20.05 = 3.84), which means that the
‘zebra leaf’ phenotype in zb2 is controlled by a single recessive nuclear
gene.
Based on the variations in themutant phenotype,we speculated that
the effect of the mutated gene on the phenotype might be related to
temperature or illumination. Therefore, we designed an experiment
with temperature gradient to determine the threshold temperature of
phenotypic variation. Seedlings of zb2 and NIP were cultured at 24 °C,
28 °C, 30 °C and 32 °C, respectively (Fig. 2-A, B, C, D). We observed
that the leaf color of the wild type plants showed no change under
different temperatures. However, yellow-green striped leaves gradually
returned to green in the mutant zb2 plants when temperature was
shifted from 24 °C, 28 °C to 30 °C. The zebra stripe leaf phenotype
became less apparent with increasing temperature. At 32 °C, the leaves
of themutant showed normal green color. These observations indicated
that the chlorophyll biosynthesis in zb2 was partially recovered. It
suggests that high temperature can inhibit the “zebra leaf” phenotype
of the seedlings of zb2mutants and that the threshold temperature for
this effect is 30 °C–32 °C.
In order to understand the effect of light intensity on the mutant
phenotype of zb2, we maintained the same day–night temperature
(28 °C/24 °C) and humidity in an illumination incubator, and observed    WT zb2
B
seedling stage; B—maturity; WT—wild type.
Table 1
The agronomic traits of WT and zb2.
Material Plant height/cm No. of productive panicles 1000-grain weight/g
WT 73.2 ± 1.3 14.7 ± 0.6 23.3 ± 0.08
zb2 51 ± 1.1** 60.3 ± 1.5** 19.8 ± 0.04**
** represents a signiﬁcant difference between wild type and the mutant at 0.05 and 0.01
levels, respectively.
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different light conditions (4000 Lx and 20,000 Lx) (Fig. 2-E, F). The
results indicated that the leaf color of the wild type showed almost no
change, while the yellow area of zb2 mutants increased signiﬁcantly
under high light intensity (20,000 Lx) with almost the entire leaves
turning straw yellow. Under low light intensity (4000 Lx), the mutants
had yellow-green striped leaves.
3.2. Comparison of chlorophyll concentrations in zb2 and NIP
The leaves of the wild type plants, and the yellow and green areas of
themutant zb2 plants were collected at the 3-leaf stage, and the chloro-
phyll concentrations weremeasured. The chlorophyll concentrations in
the leaves of NIP and zb2 at mature stage (the leaves of the mutant had
turned pale green and showed no partition of yellow and green areas at
this stage) were also measured. The results indicated that compared
with the wild type, the concentrations of chlorophyll a, chlorophyll b
and carotenoid in the leaves of the mutant zb2 were signiﬁcantly
lower at the two stages. The concentrations of chlorophyll a, chlorophyll
b and carotenoid in the yellow areas of mutant were only 17.8%, 18.9%
and 34.6%, respectively, of that of the wild type (Fig. 3A, B and C). At
the 3-leaf stage, the ratio of chlorophyll a to chlorophyll b (Chl a/b) in
the wild type and mutant showed no obvious difference. At the mature
stage, the Chl a/b ratio in thewild typewasmuch lower than that of the
zb2 (Fig. 3D). Comparison of chlorophyll concentrations in zb2 and WT
indicated that the mutation of the gene ZB2 led to a decrease in the
photosynthetic pigments in the leaves of mutants, especially in the
yellow area.
3.3. Observation of chloroplast ultrastructure
The leaves of the wild type and the yellow and green areas of the
leaves of zb2 plants were observed at the 3-leaf stage under an electron
microscope. The observations indicated that mesophyll cells in the
leaves of the wild type leaves had more chloroplasts than those of zb2
leaves. Moreover, the chloroplast structure was normal in wild type
leaves with the grana lamella showing dense arrangements (Fig. 4-A,
D). There was no signiﬁcant difference between the green areas of theWT zb2 WT zb2 WT zb2 W
A B C
Fig. 2. Leaf phenotypes of wild type and mutant zb2 under different temperature and lightleaves of zb2 and the leaves of the wild type (Fig. 4-B, E). However,
the yellow areas had less chloroplasts and grana lamellae in most
mesophyll cells. In addition, the morphology of the chloroplast had
also changed in the yellow areas (Fig. 4-C, F). These results indicated
that the mutation of the ZB2 gene caused a decrease in normal
chloroplast number and aberrant chloroplast structure.
3.4. Location of genes related to the “zebra leaf” mutant
By using 357 pairs of markers (SSR and STS) uniformly distributed
on 12 chromosomes, polymorphic markers were screened between
NIP andNJ6. A total of 153 pairs of primers had polymorphisms between
zb2 and NJ6. 21 F2 segregating plants with mutation phenotypes were
used to located the target gene and the result indicated that the target
gene was linked to the marker 11-7 on chromosome 11 (Fig. 5-A).
Based on the whole genome sequence of rice, the sequences of NIP
and 9311 were aligned. Sixteen obviously polymorphic STS markers
were developed in the target region using Premier 5.0 (Table 2). After
the sample number was increased to 1457, the target gene was ﬁnally
located in the 111.9 kb region between RM1219 and zy89-38 (Table 2,
Fig. 5-B).
3.5. Cloning of gene ZB2 from zb2
According to the prediction of RGAP database, 15 ORFs exist in the
region identiﬁed above. LOC_Os11g36440 has been annotated as the
gene OsCRTISO encoding carotenoid isomerase, which plays an impor-
tant role in the synthesis of carotenoid. The related mutant phs3 has
been reported to show “zebra leaf” phenotype at the seedling stage
(Fang et al., 2008). The gene is 4193 bp long with 13 exons and 12
introns. The full-length cDNA is 1761 bp long and encodes 586 amino
acids. Based on these data, the target region was sequenced. Our
sequencing result indicated that a G residue had transformed to T in
exon 9 of LOC_Os11g36440 in the mutant zb2 (Fig. 5-C). This mutation
transformed the 413th Glu to a stop codon, resulting in a premature
termination of translation. Thus zb2 is a new allele of Oscrtiso/phs3.
3.6. Expression of the ZB2 gene analyzed by real-time PCR
To analyze the expression pattern of the gene in different parts of the
wild type and mutant plants, the primers ZB2-F: CCCGAAGGACACCATA
TACTTCA and ZB2-R: CCACAAGCTCCTTTTTCTTCTCA were used to
conduct real-time PCR analyses. The results indicated that ZB2 was
expressed in all tested tissues and organs, with the highest expression
in the leaf, followed by the sheath and the panicle. Expression in the
stem and the root was the lowest (Fig. 6-A). Importantly, we foundWT zb2 WT zb2T zb2
D E F
intensity conditions. A—24 °C; B—28 °C; C—30 °C; D—32 °C; E—4000 Lx; F—20,000 Lx.
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Fig. 3.Analysis of the photosynthetic pigment contents in the leaves of wild type andmutant zb2 at different times. Three biological replicates per sample were analyzed, and 80% acetone
was used as control sample. * and ** represent a signiﬁcant difference between wild type and the mutant at 0.05 and 0.01 levels, respectively.
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compared to that of wild type (Fig. 6-B).
Different temperature and illumination affected the traits of zb2
mutants. To analyze the expression pattern of the gene in different
environmental conditions, the expressions of ZB2 were detected in
the zb2 and NIP cultured at 24 °C, 28 °C, 30 °C and 32 °C, respective-
ly. Moreover, the expressions of ZB2 were also analyzed in zb2
and NIP cultured under different light conditions (4000 Lx and
20,000 Lx). The results showed that ZB2 expression was temperature
sensitive, with a peak at 30 °C, and reduced at 32 °C both in the zb2CP
A B
D E
CP
Fig. 4.Microstructures of the mesophyll cells and chloroplasts of wild type andmutant zb2. A, D
plast structure of the green area of mutant; C, F: Mesophyll cells and chloroplast structure of thand NIP (Fig. 7-A). When seedlings of zb2 and NIP were cultured
under high light conditions (20,000 Lx), ZB2 expression was rapidly
down-regulated both in the zb2 and NIP compared with the low
light conditions (4000 Lx), while the yellow area of zb2 mutants in-
creased signiﬁcantly (Fig. 7-B). These expression patterns of ZB2
are consistent with its putative function deduced from phenotypic
analysis as described above. Taken together, these observations sug-
gest that ZB2 expressionmight relate to the chlorophyll biosynthesis,
it was highest between 30 °C and 32 °C, and inhibited by the high
light conditions.F
C
CP
µm
: Mesophyll cells and chloroplast structure of wild type; B, E: Mesophyll cells and chloro-
e yellow area of mutant; CP— chloroplasts.
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Fig. 5.Map-based cloning of ZB2. A— Initial location of gene ZB2; B— Finemapping of the ZB2; C— ZB2 structure andmutation site of each allelicmutation. zb2-4 is pointmutation, and the
speciﬁc location is not given in reference 17.
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The ZB2 gene encodes carotenoid isomerase, which is very impor-
tant for the synthesis of carotenoid. In order to identify the homologous
genes in other species, the full-length protein sequence encoded by the
ZB2 gene was used to conduct a BLAST search. The result indicated that
the gene ZB2 had a high homology with genes encoding CRTIOS in B.
distachyon, S. bicolor, Z. mays and S. lycopersicum (Fig. 8-A). Further
analysis indicated that the ZB2 protein has close phylogenetic relation-
ship with B. distachyon, Z. mays, Triticum urartu and S. bicolor, but isTable 2
Makers for map-based cloning of ZB2.
Makers Forward primer (5′–3′) Reverse primer (5′–3′)
B11-2 TTCGGCATGTCATGGACTACGG CGGCACAACCAGGAAATCTGT
B11-1 TTTTCAATCCTTCATCACCAA AAGCTTTGTATGTGGGTTGTG
ZY89-18 TGTCCCTACAATGAACTCCAT CTGCAAAGTAGAGTCAGATCTTTAG
ZY89-20 CAGTCTTTGCTTTTAAATCTC CACTAACAAACAAACAAACAC
B11-4 TCAAATTTCCCATGCCACCAA CTCACGGCTCACGCCAACCCA
ZY89-43 GGCATGTATTTTGCCTATGG ACATACTAATGAACCGCTCC
RM1219 GAGGAATGGAGGAGTTTGGG CCGGCAAGGAAAAGGAAC
ZY89-38 TGGCCACCTATAAGGACCGA AGTTGATTTGCACCGGTCTTC
ZY89-44 AAAATTATCATCCACCACACC TAAGTCACTTCAGGTTTGTCC
ZY89-45 CGACAAAGGAGCTATGTAGT CAAGGTAAATGTAGCGATGC
ZY89-29 ACCGACTAAAATTTATACGCCAACT TCTCCACTCATGTTATCTAATCCT
ZY89-32 CGTCAGGCAAACATCCAACG GTTTTATTGGGCCGAAGGCG
ZY89-26 GGGGTTTTATGTCTTGTTTGT TCAAAATGGTTGATAGGTTTA
ZY89-25 AAGTGAAAATTGAAGGTTGTA ATAAAAGGTTGGGATAATCTA
11-7 TGAACCCTGCTCTTCTGAGTC AAAGAAGATATGAAGGCACCG
B11-9 CTTCATAAATGATACATGGTGTC TTTTGGGATTGTCCTTCTTCG
B11-10 CAGCAACACTACTTCATGGGC TTCCTCTATTTTGGCTTCATCT
B11-11 AGAAGAAGGGGACCTCACCAG GTAGCTAGTCATCACTCCACAgenetically distant from Narcissus tazetta, Daucus carota subsp. sativus,
Nicotiana tabacum, S. lycopersicum, Ipomoea sp. Kenyan, Chrysanthemum
boreale, Eriobotrya japonica, Prunus persica, Fragaria vesca subsp. vesca,
Vitis vinifera, Populus candicans, Ricinus communis, Citrus clementina,
Brassica rapa, Theobroma cacao, Cucumis sativus, Phaseolus vulgaris, and
Glycine max (Fig. 8-B).
4. Discussions
The “zebra leaf”mutant phenotype can be found inmany plants, and
is often affected by environmental factors such as illumination and
temperature. However, the mechanism underlying this common
phenotype is still not completely clear. As early as 1999, Niyogi found
that many mutants were sensitive to high light intensity (Niyogi,
1999). The mutants showed nearly normal leaf color in low light
conditions, while necrosis or chlorosis would appear in the leaves
under illumination of moderate and high intensity. The PS I and PS II
activities as well as antioxidase activity in the leaf cells of thesemutants
usually declined (Niyogi, 1999). The “zebra leaf” mutant rice variety
TCM248 found by Kusumi in 2000 showed green/white coloration in
alternating light/dark conditions at the seedling stage (Kusumi et al.,
2000). This phenotype becamemore obvious under high light intensity.
The white area was found to have very little chlorophyll and carotene,
and the “zebra leaf” phenotype only appeared in alternating light/dark
conditions. This led to the speculation that the “zebra leaf” gene is relat-
ed to photo protection at the initial stage of chloroplast differentiation
(Kusumi et al., 2000). Accumulation of reactive oxygen species of
zebra-necrosis mutant in the yellow area can cause much damage
under alternating light/dark conditions and high/low temperature
conditions (Li et al., 2010). The maize “zebra leaf” mutant zb7 showed
both yellow and green coloration at the seedling stage, and normal
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Fig. 6. Analysis of the expression of gene ZB2 by real-time PCR. A— Relative expressions of ZB2 in different tissues of thewild type; B— Comparison of the relative expressions of ZB2 in the
leaves of wild type and mutant. Real-Time PCR System with three replicates for each sample.
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disappearance of the yellow-green color, but the leaves turned yellow
at 32 °C. However, light intensity was not found to have any signiﬁcant
effect on them. Based on these results, it can be speculated that PS II
damage is not the direct cause of the “zebra leaf” phenotype (Lu et al.,
2012). The results of our study showed that mutant zb2 had yellow-
green coloration under natural conditions at the seedling stage. The
phenotype disappeared gradually at the tillering stage, and the mutant
turned yellowish green. The result of temperature gradient experiments
showed that zb2 presented a yellow-green phenotype under low
temperature conditions of 24 °C–30 °C. However, with increase in
temperature, the “zebra leaf” phenotype became increasingly indistinct.
The mutant phenotype disappeared and normal green leaves were
observed at 32 °C. Based on this result, the threshold value for the effectFig. 7. Real-time PCR analysis the expression of gene ZB2 in different temperature and il-
lumination. A- Relative expressions of ZB2 in zb2 and wild type cultured in 24 °C, 28 °C,
30 °C and 32 °C; B- Relative expressions of ZB2 in zb2 and wild type cultured in 4000LX
and 12000LX; Real-Time PCR System with three replicates for each sample.of temperature on phenotypic variations lies in the range of
30 °C–32 °C. These observations indicate that light and temperature af-
fected the banding of the zb2mutant. Consistent with zb7, constant low
temperature kept the seedlings completely green, while constant light
and high temperature can make the plant turn yellow (Lu et al., 2012).
The “zebra leaf” phenotype appeared at the seedling stage in these
mutants. Phs3-1 (here named zb2-1) contains a single base substitution
in the 6th exon, resulting in slightly shorter transcript in the mutant
compared to the wild type. Phs3-2 (here named zb2-2) contains
insertion of the Tos17 retrotransposon in the 7th exon leading to
complete disruption of the CRTISO gene. Phs3-3 (here named zb2-3)
contains deletion of 30 bp in the 6th exon, which causes functional
disruption ofCRTISO (Fang et al., 2008). Based on the “zebra leaf”pheno-
type in pre-harvest sprouting mutants, the mutant line phs3-1/zb2-1
was studied further by Chai et al. (2011). The plant height, thousand-
grain weight and total chlorophyll content were all lower in zb2-1
than those in wild type. The “zebra leaf” phenotype of zb2-1 could be
enhanced under high illumination conditions. It was found that the
transcripts in mutant zb2-1 were shorter by 24 bp than those in wild
type. Furthermore, expression of CRTISO was the highest in leaves,
while those in other tissues were very low (Chai et al., 2011). A “zebra
leaf” mutant zel1 was obtained by mutagenizing Japonica Rice 9522
with gamma ray. Their leaves were light yellow one week after germi-
nation, and turnedmottled light yellow after about amonth. Zel1 plants
became dwarfed with a delayed heading stage and overall decrease in
yield, but the tiller number was normal. ZEL1 was conﬁrmed to be a
new allele of OsCRTISO, and the mutant was denoted as zb2-4. Further
analysis of this mutant showed that photosystem II (PS II) is normally
protected from light damage by CRTISO via xanthophyll and also that
CRTISO affects the reduction state of plastoquinone (PQ) via regulation
of CP43 (core protein of PS II) transcription and CP47 (another core
protein of PS II) translation to stabilize the release of extrinsic protein
by photosynthetic oxygen (Wei et al., 2010). A yellow-green “zebra
leaf” mutant allelic with OsCRTISOwas obtained by mutagenesis of the
Indica rice cultivar IR36 with gamma ray. Deletion of 20 bp was found
in the ﬁrst exon of OsCRTISO in the mutant, so it was denoted as zb2-5.
The mutant showed an obvious yellow-green color under natural day
and night conditions and the photosynthetic pigments in leaves,
especially in the yellow area, were signiﬁcantly reduced compared to
the wild type. In addition, massive accumulation of reactive oxygen
species was detected in the mutant. Under continuous light conditions,
the phenotype of the mutant disappeared, with normal levels of
photosynthetic pigment and chloroplast protein and no accumulation
of reactive oxygen. Under both conditions, the mutant concentrations
of xanthophyll and zeaxanthin were lower than those of the wild
type, indicating that lack of these two types of carotenoids had little
109J. Zhao et al. / South African Journal of Botany 95 (2014) 102–111effect on the phenotype. The study on zb2-5 showed that accumulation
of reactive oxygen species increased with length of the dark phase, and
that increase in expression of genes related to cell death in response to
singlet oxygenwas a key factor causing zebra leaf phenotype (Han et al.,
2012). Recently, a “zebra leaf” mutant named ZEBRA LEAF 2 (zl2) was
obtained from the progeny of tissue culture of the Japonica rice variety
Asominori, which showed yellow-green color at the seedling stage
and gradual shift to light yellow at the heading stage. The zl2 gene
was positioned in the interval of about 164.3 kb on chromosome 11.
Sequencing analysis revealed a frame shift mutation at the 3050th
base of the OsCRTISO gene, which results in early termination of
translation. ZL2 was also shown to be a new allele of OsCRTISO, and is
hence denoted as zb2-6. Themutant zl2 showed the “zebra leaf” pheno-
type at the seedling stage, with increase in effective tiller number,
thousand-grain weight, plant height and seed setting rate, which is
consistent with the results of our study (Liu et al., 2013).Fig. 8. Sequence and phylogenetic analysis of ZB2 and diverse organisms. A–SequIn this study, a “zebra leaf” mutant zb2 with genetic stability and
light and temperature sensitivity was obtained by EMS mutagenesis of
the Japonica rice variety NIP. Map-based cloning and sequencing results
showed that ZB2 encodes CRTISO, and zb2 is a new allele of Oscrtiso/
phs3, named zb2-7. All 7 allelic mutants contained mutation in the
gene OsCRTISO. The background, mutagenesis methods, mutation
modes and mutation sites of the 7 mutants were not identical. These
results suggest that this gene may be a hot spot for gene mutation. Fur-
thermore, despite the zebra leaf phenomenon being similar in all seven
allele mutants, it still has different agronomic traits between them e.g.
tillering. It was previously shown that the tillering obviously increased
in zb2-1/zb2-2/zb2-3 and zb2-6, as in the zb2-7mutant. However, the til-
lering number has not changed in zb2-5. The mutations of CRTISOwere
found in the 6th, 7th, 9th and 11th exons respectively in zb2-1/zb2-2/
zb2-3, zb2-6 and zb2-7, whereas the ﬁrst exonmutation in zb2-5. More-
over, they have different genetic backgrounds in zb2-1/zb2-2/zb2-3,ence analysis of ZB2 and diverse organisms; B–Phylogenetic analysis of ZB2.
Fig 8. (continued ).
110 J. Zhao et al. / South African Journal of Botany 95 (2014) 102–111zb2-6, zb2-7 and zb2-5. The latter come from indica rice cultivar IR36
and others come from japonica rice. The differences may cause
mutations in the coding region and genetic backgrounds with various
mutant styles (Hu et al., 2013). In addition, the functions of CRTISO
were impaired in the 7 mutants, their chlorophyll a, chlorophyll b and
carotenoid contents were signiﬁcantly lower than those of the wild
type. However, the contents of chlorophyll were different in several
allele mutants. The differences may cause sampling time, sampling
location and environmental conditions in various reports. Moreover,
total contents of chlorophyll were detected in other allele mutants,
and chlorophyll a, chlorophyll b and carotenoid contents were
measured in zb2-7. We speculate that serious reduction in synthesis of
chlorophyll a and chlorophyll b was likely caused by defective
photoprotection of carotenoids in chloroplasts and aberrant chloroplast
structure. Our ﬁndings further elucidate the function of the OsCRTISO
gene as well as the interaction between carotenoids and chloroplasts,
and lay a foundation for breeding plants with high photosynthetic
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